In this paper, we found that spatial and temporal asymmetricity of excitatory connections are able to generate directional selectivity which can be enhanced by asymmetrical inhibitory connections by reconstructing a hexagonally-arranged 3-layered simulation model of retina by NEURON simulator. Asymmetric excitatory inputs to ganglion cells with randomly arborizing dendrites were able to generate weaker directional selectivity to moving stimuli whose speed was less than 10 μm/msec.
INTRODUCTION
The directional selectivity is a unique function relating to agility that some portion of ganglion cells in the retina respond to moving light stimuli with specific direction and speed [Ariel and Daw, 1982; Barlow et al., 1964] . It has been reported that inhibitory synaptic outputs from starburst amacrine cells to bistratified directional selective ganglion cells are playing critical role to make directional selectivity in the rabbit retina [Taylor et al., 2000; Fried et al., 2002] . Starburst amacrine cells have been a favorite subject for retina researchers since Tauchi and Masland reported [Tauchi and Masland, 1984] , and several mechanisms for directional selectivity have been proposed [Fried et ]. There might be not one, but several directionally selective ganglion cells involved to generate directional selectivity so that the mechanism for generating directional selectivity in retina was thought to be more complicated.
In the present study, to address a common mechanism capable of elucidating directional selectivity in the retina, we established theoretical hypothesis and conducted 3-layer simulation model for directional selectivity by using NEURON simulator [Hines and Carnevale, 2001 ].The reconstructed hexagonally-arranged retina consisted of bipolar cells and ganglion cells as well as inhibitory amacrine cells that sent inhibitory feed-forward signals to retinal ganglion cells. We proposed the hypothesis that asymmetric inhibitory inputs from amacrine cells to ganglion cells might play an important role in enhancing the sensitivity of directional selectivity, although these pg. 4 inhibitory inputs were not necessarily required to generate directional selectivity. We have already reported the fundamental idea of this theoretical hypothesis previously from the theoretical point of view [Takayasu et al., 2005] . Here, we provide details of our simulation to reinforce our theoretical hypothesis and present further discussion with recent advances in retinal neurophysiology.
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METHODS

Neural network simulation using NEURON simulator
Three layers were reconstructed in the NEURON simulator [Hines and Carnevale, 2001 ]: bipolar cells layer, amacrine cells layer, and ganglion cells layer (see Figure 2) .
In each layer, neurons were located on a triangular lattice, and their somas were separated 100 μm apart. Three layers were overlapped with 50 μm distances.
Glutamatergic excitatory synaptic inputs from photoreceptors to the bipolar cells were imitated by the alpha equation (tau = 2 msec, maximum conductance = 15 mS/cm 2 ). In order to simplify the model photoreceptors sent only excitatory synaptic outputs to bipolar cells when they received light stimuli. All bipolar cells depolarized with glutamate synaptic inputs in this simulation. Amacrine cells and ganglion cells received glutamate inputs from bipolar cells (maximum conductance = 400 μS/cm 2 ). Excitatory receptive fields of amacrine and ganglion cells were assumed to form symmetric somacentered circle of diameter 800 μm. Anatomically, it is known that excitatory bipolar cells connecting to ganglion cells were located in a pattern of asymmetrical mosaic within a receptive field of ganglion cell. In order to take into account such non-uniform effect we chosen active connection with probability 50% from 61 input sites in the receptive filed by connecting these inputs sites with randomly arborizing dendrites of ganglion cells.
In this simulation, we made inhibitory amacrine cells which received excitatory inputs from 61 bipolar cells and sent feed-forward inhibitory outputs to ganglion cells.
The amacrine cells were assumed to be starburst amacrine cells which have been shown to contribute to directional selectivity [Fried et mS/cm 2 ), K current (gK = 3 mS/cm 2 ), persistent Na current (gNaP = 3 μS/cm 2 ) and Ca current (gCa = 35 μS/cm 2 ) and their properties were determined to be consistent with electrophysiological data reported previously [Koizumi et al., 2001] . These mechanisms and parameters of active conductances were the same as that we used previously . In this simulation, other types of active conductances, which were found in the starburst amacrine cells, were not included because the simulation represented a caricature model of retinal directional selectivity. In the numerical model pg. 7 pg. 8
RESULTS
The theoretical hypothesis: temporal and spatial asymmetricity of excitatory connections generate directional selectivity which can be enhanced by inhibitory asymmetrical connections.
First, we describe theoretical hypothesis that asymmetric excitatory and inhibitory connections can generate directional selectivity, but they have different roles.
Especially, the hypothesis advances the excitatory mechanism for directional selectivity.
The fundamental idea of our hypothesis for directional selectivity [ Takayasu pg. 12
Asymmetric inhibitory inputs enhanced the strength of directional selectivity
By adding an inhibitory connection as shown in Figure 4a the ganglion cell's response became more sensitive to the direction difference as demonstrated in Figure 4b .
In Figure 4a , an inhibitory amacrine cell's dendritic field was surrounded by the blue In contrast, the directional selective function became active for more than 10 times higher speed by simply adding the inhibitory connections (blue curve in Figure   5a ). The time delay of inhibitory connections, namely TC in Figure 1 μm/msec (see Figure 5a ).
DISCUSSION
We have found that temporal and spatial asymmetricity of excitatory inputs and inhibitory inputs have different roles in shaping directional selectivity in retina.
First, asymmetricity of excitatory inputs was enough to generate directional selectivity. However its generation was limited to moving stimuli at a certain range of speed. In addition, directional selective index was lower. Second, the inhibitory asymmetricity had important role in enhancing the agility of directional selective pg. 14 responses. Inhibitory connection made ganglion cells more sensitive to moving stimuli with wide range of speed, about 10 times more agile. However, in our hypothesis, the speed of signal spread on dendrites of inhibitory amacrine cells determined the maximum speed of moving stimuli that were able to make directional selective responses in ganglion cells. These kinds of limitations probably were not in real retina.
There should be more factors, which we ignored in this simulation, to enhance directional selectivity in retina.
In this simulation, we determined the speed of the signal spread on dendrites of amacrine cells as approximately 100 μm/msec. In starburst amacrine cells, Poznanski pg. 16 pg. 18 
